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Abstract 
Aluminium metal matrix composites (AMMCs) are now gaining their used in aerospace and automotive industries. 
Among many AMMCs, Aluminium metal matrix reinforced with Boron Carbide (B4C) is a novel composite. This composite is 
widely used in automotive industries (brake pads and brake rotor) due to high wear resistance, high strength to low weight ratio, 
elevated temperature toughness and high stiffness. Boron carbide shows exotic properties such as neutron absorbing compared to 
other reinforcements such as Al2O3 and SiC. In order to improve tribological characteristics of Al-B4C, the graphite is added as a 
solid lubricant. Due to the presence of hard ceramic reinforcement in metal matrix, it is very difficult to machining by 
conventional methods. Even nontraditional processes such as laser jet machining and electro discharge machining result in 
significant subsurface damage and heat affected zone to the work. Electrochemical machining (ECM) is an advanced machining 
process that is used for the machining of aerospace and automotive components, and dies and molds, etc. In order to increase the 
material removal rate and surface quality of the work, fine size abrasive particles are mixed with electrolyte. This abrasive 
particles working along with anodic dissolution can increase the material removal rate. 
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1. Introduction 
       Metal Matrix Composites (MMCs) are the recent advanced materials having the properties of lightweight, good 
wear resistance, high specific strength and a low thermal expansion coefficient. These composite materials are 
extensively used in aerospace, defense and automotive industries. MMC composed by Al6061 as metallic base 
material called matrix which is reinforced with B4C a hard ceramic reinforcement. Due to possession of higher 
hardness and reinforcement strength, composite materials are difficult to be machined by traditional techniques. 
Hence Electrochemical machining (ECM) process becomes a more viable method for machining with required 
surface roughness.  
     ECM has been carried out based on the response surface methodology (RSM) by utilizing the relevant 
experimental data to predict the optimal parameters [1]. The dominant characteristics of ECM is researched through 
sets of experiments according to various parameters, such as machining voltage, pulse on time, pulse frequency, 
feed rate, electrode diameter, and shape of electrode etc. After many preliminary experiments, a complex shape with 
precision and surface quality is successfully obtained [2]. The review of the application of the tool NSGA-II in 
optimizing the machining process parameters [3]. The artificial bee colony (ABC) algorithm is applied to search out 
the optimal parametric combination of these most widely used in non-traditional machining processes, i.e. 
Electrochemical machining (ECM), Electrochemical discharge machining (ECDM) and Electrochemical micro-
machining (EμM) processes [4]. Optimization of process parameters using a NSGA-II algorithm is to maximize 
MRR and minimizing surface roughness [5]. Optimization in the drilling of Al/SiC – mica composites to minimize 
the thrust force, surface roughness, burr height and tool wear using Taguchi method with gray relational analysis 
(TGRA) considering multiple performance characteristics [6]. Experimental investigation by simulation and 
optimization of WEDM process using gaseous dielectric also carried out [7]. The Grey relational theory and 
Taguchi optimization technique were used to optimize the cutting parameters in wire EDM for SS304 [8]. Multi-
Objective optimization method based genetic algorithm is used to optimize the cutting parameters in turning process 
such as cutting speed, feed and depth of cut [9]. Non-dominated sorted genetic algorithm (NSGA-II) to produce set 
of parts optimal solution. All the solution in the parts front is optimal solutions [10]. A comprehensive mathematical 
model is developed for correlating the interactive and higher order influences of the various machining parameters 
[11]. Smooth surface finishes, even goes down to a roughness average Ra value 0.05μm with Precision ECM are 
investigated [12].  
     In this paper, attempts have been made to model and optimize process parameters in Abrasive assisted Electro-
Chemical Machining (AECM) of Aluminium-5-15% boron carbide- 5-10% graphite composite using pre-shaped 
cylindrical copper tool electrodes. Sic abrasive particle size of 50μm is used along with NaCl electrolyte. 
Optimization of process parameters is based on the statistical techniques with four independent input parameters 
such as voltage, current, reinforcement and feed rate were used to assess the AECM process performance in terms of 
material removal rate and surface roughness. The obtained results are compared with and without abrasive assisted 
ECM machining of Aluminium-B4C-Graphite composite.  
2. Experimental procedure 
     Al 6061-(5-15%) boron carbide (5-10%) graphite composites were used as base materials for machining. The 
dimension of the specimens is 10mm thick plates. The experiments were conducted on the specimens using 
METATECH ECM equipment. The tool was made of copper with circular cross section with central hole. The 
electrolyte was axially fed to the cutting zone through the central hole of the tool. NaCl is used as an electrolyte for 
both abrasive assisted and without abrasive ECM. Machining experiments were carried out for a fixed time interval. 
Experiments were conducted by varying predominant process parameters such as voltage, current, feed rate and 
reinforcement. The machined samples were examined using SEM for micro structural observations. MRR was 
measured from the weight loss technique. The surface roughness of the machined surface were measured using 
Talysurf tester with a sampling length of 10mm. Table 1 shows the various process parameters analyzed in this 
study. 
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Table 1 Electrochemical machining parameters and their limits
 
Process parameter (unit)            Symbols               Codes 
                                                                             _______________________________ 
            -1      0                    1   
 
Current (A)    A    60    180            240 
Voltage (V)    B      8      11                     14 
Feed Rate (mm/min)    C     0.4     0.5            0.6 
Reinforcement (weight%)   D     5     10                       15    
 
2.1  Response surface methodology 
     Response surface methodology (RSM) is a collection of mathematical and statistical techniques for empirical 
model building. By careful design of experiments, the objective is to optimize a response (output variable) which is 
influenced by several independent variables (input variables). 
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Where,               y      -  Response values correspond to input variable xi 
           xi
2          -  Square terms of parameters 
          Xjxj    -  Interaction terms of parameters  
  β0, βi, βij          -  Unknown regression coefficients 
                           ε      -  Error 
3. Design of Experiments 
 In the present study the experiments were designed based on the central composite design (CCD) of the 
response surface method. The factorial portion of CCD is a full factorial design with all combinations of the factors 
at two levels (high +1, and low -1) and composed of eight star point, and six central points (code level 0), which is 
the midpoint between the high and low levels. The face centered CCD involves 20 experimental observations at four 
independent input variables. Table 2 shows the effects of various process parameters such as current, voltage, and 
feed rate, percentage of reinforcement that affects the MRR and the surface roughness of the surface machined using 
ECM without abrasives (SiC).  
 Table 3 shows the effects of various process parameters such as current, voltage, feed rate, percentage of 
reinforcement on the MRR and surface roughness of the machined surface using ECM with abrasives (SiC). Both 
the tables show that the MRR varies significantly with varying the process parameters. From the experimentation, It 
is observed that higher MRR of 0.063g/min at the parameters of 14V Voltage, 240A Current, 0.4mm/min Feed Rate 
of 15% Reinforced specimen. The minimum value of Surface Roughness of about 4.18 Ra is achieved at the 
parameters of 11V, 240A Current, 0.5mm/min Feed Rate of 10% Reinforced specimen. The maximum MRR in 
straight ECM occurs when the process parameters are as given below: Current: 240 A, voltage: 14 V, Feed rate: 0.4 
mm/min and the percentage of reinforcement is 15 % and the Percentage of reinforcement plays a significant role in 
MRR and surface roughness which can be seen from the table 2.      
 A maximum MRR of 0.0637 g/min is achieved with the Parameters of 11V Voltage, 120A Current, 
0.4mm/min Feed Rate of 10% reinforced specimen. The minimum value of Surface roughness of about 3.19 Ra is 
achieved at the parameters of 11V, 240A Current, 0.5mm/min Feed Rate of 10% reinforced Specimen. 
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Table 2 ECM without abrasive assistance 
 
Run Factor 1        Factor 2        Factor 3               Factor 4                Weight of Specimen                Response 1       Response2 
        A:              B:                C:        D:                              g   
    Voltage,         Current         Feed rate   % Reinforce           _________________                     MRR             Surface 
        V               A           mm/min     -ment % Wt                  Before                  After                  g/min            Roughness  
                                        Machining,  Machining                                   Ra 
 
   1 8 180 0.6 10 68.096 68.05 0.0153 7.62
 2 14 180 0.5 10 67.954 67.909 0.015 5.28
 3 11 240 0.5 10 68.05 67.954 0.032 4.18
 4 11 180 0.4 10 67.909 67.855 0.018 5.11
 5 8 240 0.5 5 70.686 70.659 0.009 5.33
 6 11 180 0.6 15 58.2 58.095 0.04 6.18
 7 14 120 0.5 15 57.518 57.428 0.03 5.88
 8 11 60 0.4 10 67.954 57.871 0.0277 5.44
 9 14 120 0.4 15 57.625 57.518 0.0357 5.72
 10 11 180 0.6 10 67.855 67.806 0.0163 4.72
 11 8 240 0.4 15 58.096 58.031 0.0217 5.63
 12 14 240 0.4 15 58.031 57.842 0.063 8.07
 13 8 120 0.5 5 70.441 70.39 0.017 6.1 
 14 14 240 0.4 5 70.482 70.441 0.0137 5.2 
 15 14 180 0.6 10 67.806 67.77 0.012 6.27
 16 14 120 0.6 5 70.659 70.596 0.021 6.12
 17 8 240 0.5 15 57.718 57.625 0.031 7.12
 18 8 120 0.4 5 57.842 57.718 0.023 5.42 
 19 11 180 0.6 5 70.527 70.482 0.015 6.3 
 20 8 120 0.4 5 70.596 70.527 0.023 5.42 
 
 
Table 3  ECM with abrasive assistance 
 
Run Factor 1        Factor 2        Factor 3               Factor 4           Weight of Specimen                Response 1       Response2 
         A:              B:                 C:        D:                          g   
    Voltage         Current         Feed rate   % Reinforce        _________________                     MRR        Surface 
        V               A           mm/min     -ment % Wt               Before               After                   g/min         Roughness  
                                    Machining          Machining                              Ra 
 
   1 8 180 0.6 10 76.934 76.884 0.0167 3.72 
 2 11 180 0.5 10 77.015 76.934 0.037 3.19 
 3 14 120 0.6 5 67.496 67.430 0.0388 4.17 
 4 11 180 0.4 15 67.362 67.257 0.035 3.7 
 5 8 240 0.5 5 67.430 67.372 0.0193 4.57 
 6 11 120 0.4 10 76.884 76.693 0.0637 4.02 
 7 14 120 0.4 15 67.080 66.897 0.061 4.33 
 8 11 240 0.4 15 67.257 67.215 0.014 3.64 
 9 14 240 0.4 15 57.779 57.654 0.0417 4.14 
 10 8 120 0.4 5 67.372 67.318 0.018 3.38 
 11 14 240 0.6 5 67.318 67.282 0.0277 4.17 
 12 11 240 0.6 10 75.897 75.211 0.062 3.88 
 13 14 240 0.5 5 67.282 67.207 0.025 3.92 
 14 11 180 0.5 10 76.693 76.664 0.0242 4.77 
 15 11 180 0.4 10 76.544 75.397 0.049 4.77 
 16 8 240 0.5 15 57.842 57.779 0.021 4.24 
 17 14 180 0.4 10 76.664 76.544 0.04 5.18 
 18 11 180 0.4 5 67.123 66.988 0.045 4.81 
 19 8 120 0.5 5 67.207 67.123 0.028 5.37 
 20 11 240 0.5 5 67.215 67.080 0.048 3.98 
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4. SEM Analysis 
     The SEM images of the surfaces machined using ECM without and with abrasives are shown below: 
 
 
                                 
                                Fig. 1  Specimen machine with 5%                          Fig. 2  Specimen machined with 15% 
      Reinforcement without abrasive                                                 Reinforcement without abrasive 
                                          Electrochemical machining                                                         Electrochemical machining 
 
     Figures 1and 2 clearly indicate that the surface of the machined area is uneven, which results in a poor surface 
finish i.e., increased surface roughness. Due to anodic dissolution some amount of the corroded particles remains on 
the surface. Figures 3 and 4 clearly indicate that the surface of the machined area is more even than in Fig.1 which 
indicates that the surface roughness is much lesser in this surface compared to that machined using without any 
abrasive and the corroded particles are also effectively removed from the surface. 
 
 
 
Figure 3  Specimen machined with 5%                      Figure 4  Specimen machined with 15% 
                                                      Reinforcement with abrasive                                  Reinforcement with abrasive 
                                                      Electrochemical machining                                          Electrochemical machining 
5. ANOVA Analysis 
     Tables 4 and 5 represents the data of ANOVA for the MRR and SR of ECM without abrasive assisted machining 
process. These tables also indicated that developed model is significant and their respective mathematical model  is 
also presented in the equations 1 and 2.  
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Table  4  ANOVA for  response1, MRR
 
Source  Sum of   DF  Mean  F-Value                   P-Value  
  Squares                    Square    Prob>F  
 
Model  0.002029  5  0.000406  6.1723  0.0032        significant 
A-Voltage  2.81E-05  1  2.81E-05  0.426788  0.5242 
B-Current  1.4E-05  1  1.4E-05  0.212973  0.6515   
D-% rein 
-Forcement 0.001508  1  0.001508  22.93609  0.0003  
AB  0.000505  1  0.000505  7.680034  0.0150  
D^2  0.000358  1  0.000358  5.441927  0.0351  
Residual  0.000921  14  6.58E-05 
Lack of Fit 0.000921  13  7.08E-05 
Pure Error  0    1  0 
Cor Total  0.00295  19 
 
 
MRR = +0.10815 - 6.84221E-003  * voltage- 4.75765E-004 * current - 4.68205E-003 * %reinforcement + 
4.17837E-005 * voltages * current + 3.58805E-004 * % reinforcement2........ (1) 
 
Table 5 ANOVA for response 2, Surface Roughness 
 
  Sum of  DF Mean  F-Value  P-Value   
  Squares   Square    Prob>F  
 
Model 13.077 14 0.9341 1.3518 0.3937  significant 
A-Voltage 0.0088 1 0.0088 0.0127 0.9146    
B-Current 0.0098 1 0.0098 0.0141 0.9099    
C-Feed rate 1.5297 1 1.5297 2.2138 0.1969 
D-% rein  
-Forcement 0.001 1 0.001 0.0015 0.9708    
AB 0.0099 1 0.0099 0.0143 0.9094     
AC 1.3545 1 1.3545 1.9602 0.2204 
AD 0.0649 1 0.0649 0.0939 0.7716 
BC 0.0503 1 0.0503 0.0728 0.7982 
BD 0.6069 1 0.6069 0.8783 0.3917 
CD 0.0344 1 0.0344 0.0497 0.8324  
A^2 2.3255 1 2.3255 3.3654 0.1260 
B^2 0.2448 1 0.2448 0.3542 0.5776 
C^2 0.7853 1 0.7853 1.1365 0.3351 
D^2 0.2212 1 0.2212 0.3201 0.5960  
Residual 3.455 5 0.691 
Lack of Fit 3.455 4 0.8637 
Pure Error 0 1 0 
Cor Total 16.532 19 
 
Surface roughness  = +24.25979 - 1.36040  * voltage - 0.056798  * current - 27.17022 * feed rate - 0.52416 * %   
                                 Reinforcement + 5.02921E-004 * voltages * current - 2.37966 * voltage * feed rate + 0.010019 
*   
                                Voltage * % reinforcement + 0.025985 * current * feed rate + 2.06402E-003 * current * %  
                                Reinforcement - 0.25655 * feed rate * % reinforcement + 0.10678 * voltage2 +5.57578E-005 *  
                                current2 +57.96375 * feed rate2 + 0.011888 *  % reinforcement2........ (2) 
5.1 Analysis Of Abrasive Assisted Electrochemical Machining Parameters 
     Tables 6 and 7 represents the data of ANOVA for the MRR and SR of ECM without abrasive assisted machining 
process. These tables also indicated that developed model is significant and their respective mathematical model  is 
also presented in the equations 3 and 4. 
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Table 6 ANOVA for  response1, MRR 
 
Source  Sum of  DF Mean  F-Value  P-Value   
  Squares   Square    Prob>F  
 
Model 0.003811889 14 0 1.7342 0.2827  significant 
A-Voltage 0.000669454 1 0 4.2638 0.0938    
B-Current 1.70245E-05 1 0 0.1084 0.7553    
C-Feed rate 0.000136113 1 0 0.8669 0.3945    
D-% rein   
-Forcement 0.000203255 1 0 1.2945 0.3068    
AB 0.000359779 1 0 2.2915 0.1905    
AC 0.000481097 1 0 3.0642 0.1404 
AD 1.14746E-06 1 0 0.0073 0.9352 
BC 0.000351241 1 0 2.2371 0.1950 
BD 0.000192377 1 0 1.2253 0.3187  
CD 4.46523E-05 1 0 0.2844 0.6167 
A^2 0.001108095 1 0 7.0576 0.0451 
B^2 5.03372E-05 1 0 0.3206 0.5957 
C^2 1.95047E-06 1 0 0.0124 0.9156 
D^2 2.45069E-05 1 0 0.1561 0.7091 
Residual 0.000785041 5 0  
Cor Total 0.00459693 19 
 
 
MRR = -0.38486 + 0.10778 * voltages - 2.28546E-003 * current + 0.24108* feedrate - 6.45570E-003 * % 
reinforcement - 5.55068E-005 * voltage * current - 0.076423 * voltage * feedrate - 4.21824E-005* voltage 
* % reinforcement + 3.60152E003 * current * feedrate + 4.99504E-005 * current * % reinforcement - 
0.016922 * feedrate * % reinforcement - 2.50621E003 * voltage2 +1.69152E006*current2+0.10122 * 
feedrate2 + 1.50287E-004 * % reinforcement2........ (3) 
 
Table 7 ANOVA For Response 2, Surface Roughness 
 
Source  Sum of  DF Mean  F-Value  P-Value   
  Squares  Square     Prob>F  
 
Model 4.769717703 14 0.34 1.29 0.4175  significant 
A-Voltage 0.494893534 1 0.49 1.87 0.2297    
B-Current 1.946486065 1 1.95 7.36 0.0422    
C-Feed rate 1. 887266019 1 1.89 7.13 0.0443   
D-% rein             
-Forcement 2.510180175 1 2.51 9.49 0.0275   
AB 1.538369543 1 1.54 5.81 0.0608    
AC 1.656417851 1 1.66 6.26 0.0544 
AD 0.073861484 1 0.07 0.28 0.6199 
BC 1.889766442 1 1.89 7.14 0.0442 
BD 2.155151882 1 2.16 8.14 0.0357 
CD 1.707465499 1 1.71 6.45 0.0519 
A^2 0. 042737561 1 0.04 0.16 0.7044 
B^2 2.00696431 1 2.01 7.58 0.0401 
C^2 1.381935478 1 1.38 5.22 0.0711 
D^2 0.086895944 1 0.09 0.33 0.5914 
Residual 1.323062297 5 0.26 
Cor Total 6.09278 19 
 
 
Surface roughness = -40.02426 + 3.39063 * voltages - 0.013841 * current + 112.99671 * feed rate + 0.25767 * %   
                                  Reinforcement - 3.62960E-003 * voltage * current -4.48428 * voltage * feed rate - 0.010702 *  
                                  Voltage * % reinforcement + 0.26417 * current * feed rate +5.28690E-00  * current * %  
                                  Reinforcement - 3.30915 * feed rate * % reinforcement- 0.015564 * voltage2 - 3.37755E-004 *  
                                  current2 - 85.20001 * feed rate2 + 8.94904E-003 * % reinforcement2                                      -------- (4)                   
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6. Result and Discussion 
     The electrolytes is normally subject the aluminium substrate to undergo anodic dissolution under the potential 
difference, whereas the secondary particles (boron carbide and graphite) are inert to it. In order to remove the 
reinforcement,  SiC particles are added to the electrolyte flow, which remove the reinforcements due to abrasion. It 
is illustrated that the surface finish is not good without abrasive case as seen from SEM images as the 
reinforcements are not removed effectively due to its inertness to the electrolyte (NaCl). During abrasives flow with 
electrolyte the reinforcement is removed effectively due to abrasion which gives a smooth surface. The surface 
finish of the machined area is probably increased when the machining is carried out with the addition of the 
abrasives irrespective of the content of the secondary particles. It is clearly evident from the tables and at the same 
level of current, voltage, feed rate and the same percentage of reinforcement, machining with abrasives shows a 
predominant decrease in the surface roughness and shows an increased amount of material removed during 
machining. The reinforced particles are poor conductors of electricity. As the percentage of reinforced particles 
increases, it leads to a decreased electrical conductivity of the composite, which results in a decreased MRR. The 
material removal due to anodic dissolution in the first case of 5% of the reinforcement is greater than the 15% of the 
reinforcement. MRR Model graphs for ECM and abrasive assisted ECM are shown in figures 5 and 6 respectively. 
These figures  represent the optimized region of the process variables. In the case of abrasive assisted ECM, MRR 
was increased conversely SR is reduced due to abrasion by SiC leads in the 15% boron carbide composites. Model 
graphs for abrasive assisted ECM are shown in figures 7 and 8 respectively. These figures  represent  the optimized 
region of the process variables. 
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Conclusion  
     It is inferred from the experimental results that abrasive assisted ECM minor change in the course of the anodic 
dissolution process. Higher percentage of boron carbide and graphite percentage hinder the anodic dissolution 
process. The negative impact on the anodic dissolution process was resolved by incorporating SiC abrasive medium 
in the electrolyte flow path. Sic particles have improved machining performance. It is clearly evident from the 
experimental results that the abrasive assisted ECM produces relatively better performance than the ECM. Abrasive 
assisted ECM exhibited higher MRR than ECM. Abrasive assisted ECM resulted lower surface roughness than the 
ECM process. The material removal mechanism is the combination of material removal produced by anodic 
dissolution and mechanical abrasion. 
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